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5-hydroxymethylcytosine (5hmC) is a DNA base
created during active DNA demethylation by the
recently discovered TET enzymes. 5hmC has essen-
tial roles in gene expression and differentiation. Here,
we demonstrate that 5hmC also localizes to sites of
DNA damage and repair. 5hmC accumulates at dam-
age foci induced by aphidicolin and microirradiation
and colocalizes with major DNA damage response
proteins 53BP1 and gH2AX, revealing 5hmC as an
epigenetic marker of DNA damage. Deficiency for
the TET enzymes eliminates damage-induced 5hmC
accumulation and elicits chromosome segregation
defects in response to replication stress. Our results
indicate that the TET enzymes and 5hmC play essen-
tial roles in ensuring genome integrity.INTRODUCTION
Covalent modification of DNA is an essential aspect of genome
function. In vertebrates, cytosine methylation catalyzed by DNA
methyltransferases is required for proper gene expression
throughout development. 5-methylcytosine (5mC) at CpG dinu-
cleotides is normally associated with silencing of genes. The
recent discovery that the TET1, TET2, and TET3 dioxygenases
actively target 5mC for oxidation into 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC)
(Ito et al., 2011; Tahiliani et al., 2009) has generated intense inter-
est in activedemethylationand its intermediates. Furtherworkhas
shown that 5hmC is a stable epigenetic modifier of gene expres-
sion (Stroudet al., 2011) and thatDNAmodifiedwith 5hmCgener-
ally exhibits an open chromatin configuration (Mendonca et al.,
2014). 5hmC isenriched in neural tissue (Hahnet al., 2013;M€unzel
et al., 2010), where it has been shown to play roles in learning and
memory (Rudenko et al., 2013). Recently, a reduction in global
5hmC as a result of decreased TET1 activity, attributed to a loss
of ATM, was associated with loss of viability in Purkinje cells,
implicating TET activity in the etiology of ataxia-telangiectasiaCell R(Jiang et al., 2015). TET activity and 5hmC levels are known to
behigh in pluripotent cells (Choi et al., 2014), where it is necessary
for successful tissue differentiation (Dawlaty et al., 2014). 5hmC
levels are low in cancer cells, which often exhibit misregulated
TET activity (Fu et al., 2014; Huang et al., 2013; Ko et al., 2010).
DNA damage is a constant threat to cells that, if left unre-
paired, can lead to mutations, genome instability, and disease,
especially in the form of cancer. Cells respond to DNA damage
by initiating a highly coordinated series of events that culminate
with an attempt to repair DNA, referred to as the DNA damage
response (DDR) pathway. Increasing evidence suggests that
the chromatin environment plays a significant part in the DDR
response, specifically the relaxing of chromatin to allow DDR
protein complexes access to damaged sites (Ziv et al., 2006).
We have found that covalent modification of DNA also occurs
in response to DNA damage. We find a striking localization of
5hmC at large chromosomal regions surrounding endogenous
DNA lesions in culture cells (Harrigan et al., 2011; Lukas et al.,
2011). We also demonstrate that 5hmC accumulation occurs
upon exogenous DNA damage. Lesion-associated 5hmC coloc-
alizes within the same subnuclear domains as induced gH2AX
and 53BP1. Finally, we show that the TET enzymes are important
for genome integrity, as TET-depleted cells lacking 5hmC suffer
from significantly increased chromosome segregation errors in
response to replication stress. Our work establishes roles for
5hmC and the TET enzymes in DDR and provides potential ex-
planations for tumorigenicity associated with TET misregulation.
RESULTS
5hmC Localizes to Sites of Endogenous DNA Damage
While characterizing the subnuclear localization of 5hmC in HeLa
cells with immunofluorescence, we often observed one or more
large (1- to 2-mmdiameter) 5hmC foci in a subset of nuclei. These
foci were specifically enriched for 5hmC and lacked 5mC (Fig-
ure 1A). The frequency and size of these foci recalled the DNA
damage-associated and G1-specific 53BP1 nuclear bodies or
OPT-domains known from previous observations (Harrigan
et al., 2011; Morales et al., 2003; Pombo et al., 1998). To deter-
mine whether 5hmC was present in these nuclear bodies, we
performed co-immunostaining of 5hmC with 53BP1 or gH2AXeports 14, 1283–1292, February 16, 2016 ª2016 The Authors 1283
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Figure 1. 5hmC Colocalizes with 53BP1 and gH2AX Foci in Unchallenged Human Cell Lines
(A) HeLa cells were stained with DAPI (gray), 5mC (green in merged images), and 5hmC (magenta in merged images).
(B) Colocalization of gH2AX (green in merged images) with 5hmC (magenta in merged images).
(C) Colocalization of 53BP1 (green in merged images) with 5hmC (magenta in merged images).
(legend continued on next page)
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and in both cases observed colocalization in common nuclear
subdomains (Figures 1B and 1C). Immunostaining of human
lung adenocarcinoma cell lines A549 and HCC827 revealed
similar colocalization of 53BP1 and 5hmC (Figure S1A). In
many cases, the homologous recombination protein RAD51
localized to voids within the 5hmC domains (Figures 1D and
S1B), hinting at a functional suborganization of 5hmC foci.
5hmC Localization to DNA Damage in HeLa Cells
Depends on TET2
The specific enrichment of 5hmC with DDR proteins suggested a
response to DNA damage orchestrated by the TET enzymes,
which have been strongly implicated as the sole source of nuclear
5hmC (Ficz et al., 2011). To assess the role of the TET enzymes in
creating 5hmC foci, we examined endogenous 53BP1 bodies
in the absence of each TET protein. Semiquantitative RT-PCR
in HeLa cells showed that TET2 mRNA was approximately
60-fold more abundant than TET1 and 9-fold higher than TET3
(Figure S1C). We then asked whether TET2 was required for the
observed 5hmC enrichment by transfecting cells with shRNA tar-
geting TET2. In TET2 knockdown cells, we observed 53BP1 foci
that lacked 5hmC staining (Figure 1E). In addition, large 53BP1
foci were rare in TET2 shRNA-treated cells; rather, 53BP1 typi-
cally was found as small, dense foci that were also devoid of
5hmC (Figure S1D). Knockdown of TET3 or TET1 did not lead
to loss of 5hmC from 53BP1 foci in HeLa cells (Figure S1D).
5hmC Is Locally Enriched by Genotoxic Insults
The robust co-occurrence of 5hmC with gH2AX and 53BP1 sug-
gested that 5hmC is actively enriched in response to endogenous
DNA damage. To test this, we examined the effect of genotoxic
insults on nuclear 5hmCabundance and distribution. TheDNApo-
lymerase inhibitorAphidicolin (Aph) can reversiblyblockDNA repli-
cation (Ikegami et al., 1978) and causes an increase in the number
of 53BP1 nuclear bodies (Lukas et al., 2011). Treatment of HeLa
cells with 5 mM Aph led to an increase in 53BP1 foci, which also
stained positively for 5hmC (Figure 2A; compare Figure 1C).
Numerous small 5hmC fociwere seenafter 24 hr or 48 hr of contin-
uousAph treatment. IncellswhereAphwaswashedout followinga
24-hr treatmentperiod,weobservedvery large53BP1-and5hmC-
positive foci (Figure 2A). By measuring the intensity of 5hmC at
53BP1 sites (Figures 2B, S2A, and S2B), we determined that Aph
treatment increased the amount of 53BP1-associated 5hmC
beyond the level found at endogenous sites. The intensity of
DAPI staining at 5hmC foci alsodecreased (FigureS2A), indicating
a less dense chromatin environment at 5hmC and 53BP1 sites.
To independently confirm that gH2AX-enriched chromatin is
also enriched for 5hmC, we measured 5hmC content using chro-
matin immunoprecipitation (ChIP) with antibodies against gH2AX
or canonical histone H2A. Specific b-glycosylation of 5hmC from
these pools with 3H-UDP-glucose followedby radiolabel quantita-
tion (Szwagierczak et al., 2010) showed a significant increase
in 5hmC content in the gH2AX-containing chromatin fraction(D) RAD51 and 5hmC occupy disjoint domains within 53BP1 foci. Shown are DAP
indicate voids in 5hmC filled by RAD51 signal.
(E) 5hmC (magenta) in cells treated with control shRNA (top row) or shRNA targe
All images are representative of at least three individual experiments. Scale bars
Cell Rover the control H2A fraction, whose 5hmC content was the
same as input DNA (Figure 2C). This experiment further shows
that 5hmC must be present close to gH2AX sites, since ChIP
DNA was digested to a size range of 200 bp to 1 kb. Next, to
determine whether DNA breaks increased 5hmC levels globally,
wemeasured 5hmC inHeLa cells treatedwith Aph. Relative to un-
treated cells, HeLa cells treated with Aph for 24 hr and then al-
lowed a 24-hr recovery period contained significantly higher levels
of genomic 5hmC, whereas HeLa cells treated with Aph continu-
ously for 48hrwere indistinguishable fromcontrol cells (Figure2D).
To assess individual cells across the population, we imaged5hmC
and cell-cyclemarkers inmosaic panel images. Untreated cells or
cells treated with Aph for 48 hr had a lower probability of contain-
ing 5hmC bodies compared with cells treated for 24 hr and al-
lowed to recover (Figure S2C). Moreover, cells treated with Aph
for 48 hr were nearly all Cyclin A2 positive and thus not in the
G1 phase of the cell cycle (Figures S2D and S2E), supporting
the notion that, as shown previously for 53BP1 nuclear bodies,
5hmCaccumulation at DNAdamage foci occursmore often inG1.
As 5hmC is the first intermediate in the proposed active DNA
demethylation pathway, we investigated whether subsequent in-
termediates of this pathway, 5fC and 5caC, were also present at
53BP1 sites. We found no 5fC or 5caC at 53BP1 bodies by
immunofluorescence (Figure 2E). Combined with the lack of
5mC staining we observed, these results indicate that 5hmC at
damaged DNA sites represents a specifically induced, stable
epigenetic mark.
5hmC Localizes to Microirradiation-Induced DNA
Damage
Given that both endogenous and Aph-induced 53BP1 bodies
mark DNA lesions caused primarily through replicative stress
(Harrigan et al., 2011), we next enquired whether other types of
DNA lesions become enriched for 5hmC. We induced DNA dou-
ble-strand breaks (DSBs) bymicro-irradiation with a 405-nm laser
on HeLa cells pre-incubated with Hoechst 33342 (Dinant et al.,
2007). Irradiation was performed on cells in glass-bottom dishes
over 1 hr to establish a time course of DNA damage. In nuclei
which had encountered the laser focal point, stripes of 53BP1-co-
localized 5hmCwere visiblewithin 30min andwere strongest after
1 hr (Figure 2F). Colocalization between gH2AX and 5hmC was
also seen in mouse embryonic fibroblasts and C2C12 myoblast
cells (G.R.K., unpublished data), indicating that 5hmC is induced
at DSBs in both human and mouse cells.
Human Embryonic Stem Cells Show Little Correlation
between 5hmC and DNA Damage Markers
Although DNA damage in HeLa cells induces robust colocaliza-
tion of gH2AX, 53BP1 and 5hmC, cancer-derived cells have
been reported to have relatively low levels of 5hmC (Jin et al.,
2011). In contrast, pluripotent cells have constitutively high levels
of both gH2AX (Bana´th et al., 2009) and 5hmC (Ruzov et al.,
2011; Tahiliani et al., 2009). To investigate connections betweenI (blue), 53BP1 (yellow), RAD51 (green), and 5hmC (magenta) staining. Arrows
ting TET2 (bottom row), compared with 53BP1 (green).
represent 5 mm. See also Figure S1.
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the high levels of these two marks in pluripotent cells, we next
examined the localization of gH2AX and 5hmC in human embry-
onic stem cells (hESCs). We observed chromatin-wide 5hmC
staining throughout the hESC nucleus as previously reported
(Takashima et al., 2014), with only a minor subset of gH2AX
foci colocalized with 5hmC (Figure 3A).
TET Enzymes Promote Genome Integrity during
Replication Stress
Our shRNA-mediated knockdown experiment of TET2 in HeLa
cells hinted at a role for the TET-mediated creation of 5hmC in
theDDRpathway (Figure 1E).We sought to confirm this observa-
tion usingmouse embryonic stemcells (mESCs) inwhich all three
TET enzymes had been deleted (TetTKO cells) using CRISPR/
Cas9 genome editing (Figure S3).While Aph treatment of mESCs
led to a greater correlation between 5hmC and gH2AX staining
(Figure 3B), biochemical quantitation of 5hmC via incorporation
of 3H-UDP-glucose topurifiedDNA revealed that theglobal levels
of 5hmC did not detectably increase upon Aph treatment
(FigureS4A) inmESCs. As expected, TetTKOcells hadnodetect-
able 3H-UDP-glucose signal. In agreement with this experiment,
attempts to immunostain 5hmC in TetTKO mESCs revealed only
background staining at levels well belowWTmESCs (Figure 3C).
This observation demonstrated the specificity of our immuno-
fluorescent detection of 5hmC and ruled out the possibility of
5hmC creation through non-enzymatic means during the exper-
iment. Both WT and TetTKO mESCs were capable of generating
gH2AX foci in response to Aph treatment (Figure 3D), which re-
verted to pre-treatment levels after 24 hr of recovery.
We next sought a sensitive and direct assay to test for persis-
tence of unrepaired DNA damage in the complete absence of
TET enzymes and 5hmC. A failure to adequately repair DNA
damage sustained during S phase can lead to under-replicated
regions that interfere with the separation of chromosomes in
mitosis (Naim et al., 2013). We therefore investigated the sus-
ceptibility of TetTKO mESC to Aph-induced mitotic defects
compared with WT counterparts. We cultured WT and TetTKO
mESC under a low dose of Aph (0.2 mM), which has been shown
to cause replication stress but still allows most cells to progress
through S phase tomitosis (Lukas et al., 2011), and assessed the
mitotic competence of cells after 24 hr. Mitotic figures were
counted as abnormal if chromosomes or chromosome frag-
ments were found between the main masses of chromatin (Fig-
ure 4A).We found that a significantly higher proportion of TetTKO
cells displayed such abnormalities, both in Aph-treated (60%)
and untreated (17%) conditions, compared to WT cells (28%
and 8%, respectively) (Figure 4B). We calculated the partial con-
tributions of loss of the TET enzymes and of 0.2 mM Aph treat-Figure 2. Inducing DNA Damage Results in the Focal Accumulation of
(A) HeLa cells were treated with 5 mM Aphidicolin (Aph) for the indicated times b
(B) Background-corrected intensity of 5hmC, 5fC, and 5caC at sites of 53BP1 en
Displayed p values are from two-sample Kolmogorov-Smirnov tests. The numbe
recovery), 158 (48 hr Aph), 10 (5fC), and 5 (5caC).
(C) Quantification of 5hmC enrichment in DNA isolated by ChIP using the antibo
(D) Global enrichment of 5hmC in HeLa cells treated with Aph.
(E) 5fC or 5caC staining was performed in HeLa cells exposed to 5 mM Aph for 2
(F) Colocalization of 5hmC (magenta) with 53BP1 (green) on lines induced by las
All images representative of at least three individual experiments. Scale bars rep
Cell Rment by holding constant the WT and TetTKO base rates of
visible errors and by determining what additional error rate
induced by Aph treatment would suffice to give the observed to-
tal error rate (Figure 4B). This calculation showed that TetTKO
cells were more sensitive than WT cells to 0.2 mM Aph, implying
that the TET enzymes promote recovery from Aph-induced DNA
damage. In line with this finding, dose-response experiments
assaying proliferation rates of WT and TetTKO cells under
increasing concentrations of Aph showed that TetTKO cells
were significantly more sensitive to Aph treatment at levels of
0.1 mM and above (Figure 4C). To investigate whether transcrip-
tional changes due to loss of TET enzymes could be partially
responsible for these effects, we examined total RNA from WT
and TetTKO cells and found broadly normal expression of DDR
pathway genes (Table S3).Moreover, triple-staining experiments
showed that gH2AX, 53BP1, and RAD51 colocalized properly in
TetTKO cells (Figure S4B). Taken together, these experiments
show that the TET enzymes are required to effectively repair
Aph-induced DNA damage.
DISCUSSION
Ourfinding that5hmC isdeposited locally at sitesofDNAdamage,
combined with the results showing that TET enzymes aid in pre-
venting damage-induced chromosome missegregation, strongly
suggests an important role for 5hmC in promoting DNA repair
and genome integrity. Possible mechanisms for this action could
include modification or maintenance of the local chromatin land-
scape to allow access of other factors, since 5hmC is strongly
correlated with an open chromatin conformation (Melle´n et al.,
2012; Mendonca et al., 2014), whereas 5mC is correlated with
repressed chromatin (reviewed in Miranda and Jones, 2007).
Consistentwith thishypothesis,weobserved reducedDAPI inten-
sity, indicative of chromatin decompaction, at 5hmC foci induced
in response to DNA damage (Figure S2A). Alternatively, 5hmC
could serve as amark for the recruitment of late-acting repair pro-
teins since we first detect 5hmC at 30-min post-microirradiation,
whereas gH2AX and 53BP1 load within the first several minutes
after irradiation (Bekker-Jensen et al., 2005; Paull et al., 2000).
Our results demonstrate the necessity of TET2 for production
of 5hmC foci at endogenous DNA damage sites in HeLa cells;
however, complete characterization of the place and time of ac-
tion of the different TET proteins is still an open area. Recent re-
ports have established that TET3 drives 5hmC conversion at a
time that coincides with the accumulation of gH2AX in two-cell
mouse embryos (Nakatani et al., 2015). Another recent report es-
tablished that TET1 causes global nuclear 5hmC to increase
following DNA damage in Purkinje cells (Jiang et al., 2015).5hmC at Sites of 53BP1
efore immunostaining for 53BP1 (green) and 5hmC (magenta).
richment is shown for different Aph treatments. Error bars show mean ± SEM.
r of cells observed was 175 (untreated), 121 (24 hr Aph), 158 (24 hr Aph + 24 hr
dies shown.
4 hr followed by 24-hr recovery.
er microirradiation at 405 nm.
resent 5 mm. See also Figure S2.
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Whether any TET protein is capable of acting downstream of
DNA damage or whether specific TETs work in specific cells or
stages remains to be determined.
While the accumulation of 5hmC at sites of DNA damage sug-
gests a function of 5hmC or DNA demethylation in promoting
repair and thus genome integrity, it is possible that TET enzymes
play other roles in DNA repair. For example, increased gH2AX
staining observed in TET1-deleted pro-B cells (Cimmino et al.,
2015) has been attributed to downregulation of several DNA
repair genes. However, our transcriptome analysis of TET tri-
ple-knockout mESC showed no significant downregulation of
DDR genes, in agreement with a previous analysis (Lu et al.,
2014). The sole exception in our dataset is the BRCA2 gene,
which shows 2-fold lower mRNA abundance in TetTKO mice.
However, since BRCA2 heterozygous mice areWT in tumor sus-
ceptibility (Welcsh et al., 2000), it is unlikely that this modest
downregulation plays a significant role in the observed pheno-
type. While gene expression changes could possibly contribute
to the defects we observe in TetTKO mESC, the distribution of
DNA damage-related proteins such as RAD51 and 53BP1
were comparable to WT in all of our immunostaining experi-
ments. The consistent TET2-dependent localization that we
observe of 5hmC with 53BP1, gH2AX, and Rad51 in HeLa and
other cancer cell lines suggests a compelling direct role for the
TET enzymes in the response to DNA damage.
There may be profound epigenetic consequences concerning
both the origin and fate of 5hmC at DNA damage sites. The DNA
methyltransferase DNMT1 has been shown to be recruited to
sites of induced DNA damage (Mortusewicz et al., 2005) and
acts in some capacity to promote genome integrity (Eden
et al., 2003; Guo et al., 2004). DNA damage induced by either
etoposide in mouse hippocampal neurons or by ionizing radia-
tion in human fibroblast cell lines reportedly caused a global
reduction of 5mC (Jiang et al., 2015), whereas others have
shown that DNA damage caused by either UV irradiation or
doxorubicin in MEFs caused a significant increase of 5mC (C¸elik
et al., 2015). It is possible that the increased 5hmC we observe
derives in part from cytosines that are newly methylated in
response to damage and that serve as substrates for TET-medi-
ated 5hmC creation. However, as the large 53BP1-associated
domains of 5hmC we observe are never enriched for 5mC, we
favor a model in which most of the focal 5hmC we observe de-
rives from preexisting 5mC. Although we attempted to detect
site-specific enrichment of 5hmC using TAB-seq (Yu et al.,
2012a, 2012b), targeting three regions (see Supplemental Exper-
imental Procedures) previously shown to be enriched for DSBs in
HeLa cells treated with Aph (Crosetto et al., 2013), no enrichment
of 5hmC was detected (G.R.K., X.L., and P.M.C., unpublished
data). This negative result could be explained by a low probabil-Figure 3. TET-1,-2,-3 Triple-Knockout mESC Lack 5hmC but Increase
(A) hESC immunostained for 5hmC (magenta) and gH2AX (green). Arrows indica
(B and C) WT (B) and TET triple knockout (TetTKO) (C) mESCs untreated or trea
fixation. Intensity correlation quotients (ICQ) show staining dependency (colocaliza
no colocalization.
(D) Corrected total nuclear fluorescence of gH2AX measured in WT and TetTKO
504 (untreated), 380 (24 hr Aph), 455 (24 hr Aph + 24 hr recovery); for TetTKO, n
See also Figure S3.
Cell Rity of breaks occurring at a specified site and would also be
consistent with a requirement for pre-existing 5mC, which was
absent at the sites we examined, for producing damage-associ-
ated 5hmC. Future studies employing genome-wide detection of
5hmC at very high sequencing depth, combined with traditional
bisulfite sequencing to reveal the 5mC distribution, will therefore
be required to map the distribution of damage-induced 5hmC at
the nucleotide level. Further, since we never observed large
5hmC foci without 53BP1 staining, we conclude that the bulk
of this damage-induced 5hmC is removed alongwith 53BP1 dur-
ing S phase (Lukas et al., 2011). Failure to return newly 5hmC-
marked regions to their previous methylation status could result
in long-term changes in gene expression in response to DNA
damage. Finally, our results imply that loss of TET enzymes
and 5hmC depletion could contribute significantly to genome
instability and inaccurate chromosome segregation, perhaps ex-
plaining the correlation of low 5hmC levels with cancer (Tan and
Shi, 2012). The damage-modulated focal enrichment of the co-
valent DNA modification 5hmC by the TET enzymes implies
far-reaching roles for epigenetics in regulating genome integrity.
EXPERIMENTAL PROCEDURES
Cell Culture
HeLa, HCC827, A549, C2C12, and MEF cells were grown in DMEM with 10%
fetal bovine serum (FBS). All mESCs (male C57BL/6J) were grown under LIF+2i
conditions (Ying et al., 2008). hESCs (H1 line) were grown in ReproCell Primate
media supplemented with FGF2 on inactivated MEFs. ES-gradematrigel (Fisher
Scientific, Catalog # 354277) was used to growmESCs and hESCs on glass sur-
faces in the absenceofMEFs.Cellswere treatedwithAphidicolin (Sigma-Aldrich)
dissolved in DMSO. All transfections were performed with Lipofectamine 2000
(Life Technologies). In HeLa cells, TET knockdown was performed with HuSH
shRNA 29-mer plasmids (Origene). Mammalian codon-optimized Cas9, and
gRNAs targeting theTET1, TET2, andTET3geneswere used togenerate TetTKO
mESC as described elsewhere (Horii et al., 2013). TET enzyme deletions were
confirmed by PCR-RFLP analysis and sequencing (Figure S3).
Chromatin Immunoprecipitation
Native chromatin isolation (for detailed description, see the Supplemental
Experimental Procedures) was performed using 50 3 106 HeLa cells per
sample. In brief, isolated chromatin was resuspended at 0.5 mg/ml before
micrococcal nuclease digestion (NEB, M0247S) as per manufacturer’s speci-
fications. Dynabeads Protein G (Thermo Scientific) were incubated with 30 mg
ChIP grade antibody (H2A, Abcam, ab177308 or gH2AX, Millipore, 05-636)
before the addition of 100–200 mg of cleared chromatin. Bead-chromatin
mixture was incubated overnight at 4C before magnetic separation of bound
chromatin as per the manufacturer’s directions.
Quantification of Global 5hmC
Isolated DNA (125 ng per sample) was labeled in a reaction with 50 mM
3H-UDP-glucose (Perkin Elmer) and 10mM b-glucosyltransferase before mea-
surement by scintillation counting as described (Otani et al., 2013) with some
modifications (see the Supplemental Experimental Procedures).gH2AX in Response to Aphidicolin Treatment
te colocalization.
ted with 5 mM Aphidicolin (Aph) for 1 hr or allowed to recover for 24 hr before
tion) as values between 0 and 0.5, where 0.5 is complete colocalization and 0 is
mESC under different Aph regimes. For WT, the number of cells observed was
umbers were 393 (untreated), 345 (24h Aph), 327 (24h Aph + 24h recovery).
eports 14, 1283–1292, February 16, 2016 ª2016 The Authors 1289
C0.0
0
0.0
1
0.0
2
0.0
5
0.1
0
0.1
5
0.2
0
0
50
100
Aph concentration (µM)
p < 0.01
Po
pu
la
tio
n
(%
 of
 co
ntr
ol)
Wildtype mES
TetTKO mES
262 254 272 262Nuclei scored
8.0% 16.9% 28.3% 60.3%Abnormality%
B
WTCondition
Pe
rc
en
t m
ito
tic
 a
bn
or
m
al
ity
TetTKO WT+Aph TetTKO+Aph
p < 5×10-3
p < 1×10-13
0
10
20
30
40
50
60
70
95%
C.I.
Peak
probability
TetTKO + 0.2 µM  AphWT + 0.2 µM AphWT UntreatedA
WT TetTKO Aph
1 - [
1 - [
1 - [
1 - [
×
×
× ×
(1-0.08)
(1-0.08) (1-0.221)
(1-0.08)
(1-0.08) (1-0.522)
(1-0.097)
(1-0.097)
] ≈
] ≈
] ≈
] ≈
8.0%
16.9%
28.3%
60.3%
Figure 4. Mitotic Characterization of WT and TetTKO mESCs
(A) DAPI-stained representative examples of mitotic figures: normal mitosis in WT untreated (left) and mitotic abnormalities (arrows) in WT (middle) and TetTKO
(right) mESC treated with 0.2 mM Aph for 24 hr. Scale bar represents 5 mm.
(B) Top: the frequency of observed mitotic abnormalities in anaphase and telophase nuclei (two independent experiments). Calculated probability distributions
are shown centered on the actual observed fraction of mitotic errors, with 95% CI in brackets. Right: the partial contribution of Aph to the observed frequency of
mitotic abnormalities in WT or TetTKO cells. Columns show the effect of each condition, which are multiplied across the rows to produce the observed mitotic
abnormality rate.
(C) Proliferation rates of WT and TetTKO after 3 days of culture with the indicated concentrations of Aph. Error bars show mean ± SEM. Displayed p values are
from one-way ANOVA using a Bonferroni post test to compare WT rates to TetTKO rates under each Aph concentration.
See also Figure S4 and Tables S1, S2, and S3.
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Microirradiation
Cells were microirradiated on a modified Nikon Ti Eclipse microscope (see the
Supplemental Experimental Procedures) after pre-incubation with Hoechst
33342 dye at 1 mg/ml for 1 hr.
Immunofluorescence Microscopy and Analysis
PFA-fixed cells were washed and permeabilized before blocking and over-
night incubation with primary antisera. Visualization of 5mC, 5hmC, 5fC,
and 5caC was performed with extended permeabilization and 2N HCl treat-
ment (C¸elik et al., 2014; Takashima et al., 2014). Cells were washed and
incubated with secondary antisera, stained with DAPI, and mounted in
glycerol containing 4% w/v n-propyl gallate. GFP-Booster (Chromotek,
Catalog #GBA-488) was used to enhance GFP signal where necessary.
Cells were imaged on a widefield DeltaVision deconvolution system
(Applied Precision/GE Healthcare; see the Supplemental Experimental Pro-
cedures). For mitotic aberration counts, anaphase and telophase cells were
imaged randomly by recording 3D images of all anaphase and telophase
cells encountered during a large area scan, and scored blindly by two
people.
Semiquantitative Real-Time PCR
Total RNA was extracted using RNeasy mini kit (QIAGEN) and DNase treated
before reverse transcription with random hexamers (SuperScript III, Invitro-
gen). RT-PCR was performed with SYBR Green reagents using the StepOne-
Plus Real-Time PCR System (Applied Biosystems). Relative expression was
calculated using b-actin as an endogenous reference gene (see the Supple-
mental Experimental Procedures).
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